The reverse transcription (RT) of RNA to cDNA is a necessary first step for numerous research and molecular diagnostic applications. Although RT efficiency is known to be variable, little attention has been paid to the practical implications of that variability.
juvant therapy selection in cancer (2 ) . Despite this central role, relatively few publications have explored the reliability and reproducibility of results and conclusions on the basis of the use of RT. Those that have investigated this matter with regard to real-time quantitative RT-PCR (qPCR) have reported that the RT step results in considerable variability (3, 4 ) , particularly at low template concentrations (5 ) , and that results depend significantly on the choice of priming strategy, reaction conditions, and RNA concentration (6 ) as well as the choice of reverse transcriptase (RTase) (7 ) . The same is true for digital RT-PCR, where results are both RTase and target dependent (8 ) . Other reports have called attention to the many methods used to generate cDNA as a source of RT variability (9 ) or described priming-specific problems, for example, the generation of truncated cDNAs through internal oligo-dT priming (10 ) . There is also a measurable impact of RNA quality on reference gene variation (11 ) and on the differential expression of prognostic marker genes between cancer patient risk groups (12 ) , as well as inconsistencies arising owing to inherent biological variability associated with the transcriptome (13 ) .
Variability can be up to 100-fold (7 ), raising serious concerns about the validity of the huge number of publications that record relatively modest differences in the expression levels of mRNA and miRNAs and claim biological and clinical significance (2 ) . When in combination with qPCR, there are additional wellpublicized, but usually ignored, problems associated with normalization of RNA fold-changes against reference genes (14 ) . Not only are most reference genes never validated (15 ) , making it difficult to assess the reliability of any conclusions (16 ) , but their RT efficiencies also can suffer from poor reproducibility, resulting in inadequate RT robustness and lack of covariance with RT efficiencies of the genes of interest (17 ) . The effects of this variability are exacerbated when re-sults from different laboratories are compared, making it essential to consider appropriate quality assurance measures (18 ) . Disregard of technical issues is not confined to qPCR: unreliable quantification and falsepositive results are also observed with microarrays (19, 20 ) , and estimating relative transcript abundance by next-generation sequencing is inconsistent not just at low levels of coverage but even when coverage levels are high (21 ) .
To ascertain the reliability of currently available RTases, we set out to quantify the variability inherent in the RT step by assessing the performance of different RTases in qPCR assays carried out with separate RT and qPCR steps. Our results, although based on a limited number of RTases, target genes, and sample types, lead us to conclude that reporting of results on the basis of RT should include information on empirically determined RT variability, and future experiments involving cDNA synthesis require detailed statistical evaluation of analysis methods to improve the reliability of RNA-associated data.
Materials and Methods
In-depth details of materials and methods are provided in Supplemental Methods, which accompanies the online version of this article at http://www.clinchem.org/ content/vol61/issue1. The investigational workflow was as follows. (a) We assessed uniformity of qPCR instrument blocks and reproducibility of pipetting by 48 replicate qPCR assays carried out on the Bio-Rad CFX and Illumina Eco (now PCRmax Exo48) instruments. (b) We evaluated RT variability by carrying out qPCR assays targeting GAPDH (glyceraldehyde-3-phosphate dehydrogenase) 5 #1 on 10 cDNA replicates from of each of 6 RTases. Enzymes were scored by calculating a change in quantification cycle (⌬Cq) range, which measures the difference between the highest and lowest Cq recorded for each set of replicates; the bestperforming (smallest ⌬Cq) and worst-performing (highest ⌬Cq) RTases were compared further with qPCR assays targeting additional markers. (c) We assessed concentration-dependent variability by qPCR assays comparing the ⌬Cq ranges from 10 replicate RT reactions transcribed at 2 different concentrations. (d) We analyzed assay-dependent variability by qPCR assays comparing the ⌬Cq ranges from 10 replicate RT reactions targeting different regions of 2 mRNAs. (e) We investigated sample-dependent variability by qPCR assays comparing the ⌬Cq ranges from 10 replicate RT reactions from 4 RNA samples. (f) We measured the effect of RNA quality on RT variability by comparing the ⌬Cq ranges from 10 replicate RT reactions of 2 poor-quality RNA samples.
MINIMUM INFORMATION FOR PUBLICATION OF qPCR

EXPERIMENTS
Relevant information demonstrating compliance with the Minimum Information for the Publication of RealTime Quantitative PCR Experiments (MIQE) guidelines (22 ) is provided within the appropriate tabs of the online Supplemental Methods; a MIQE checklist was submitted during electronic submission of the article.
RNA
Total RNA was prepared from five 30-mg breast cancer biopsy samples with the RNeasy lipid tissue mini-kit (Qiagen). Sample details as well as RNA quantity and quality assessments are shown in online Supplemental Tab 1.
PRIMERS AND PROBES
Oligonucleotide sequences, mRNA targets, and PCR efficiency details are shown in online Supplemental Tab 2.
INSTRUMENT BLOCK UNIFORMITY/PIPETTING ACCURACY
We tested block uniformity of the Bio-Rad CFX Connect (Bio-Rad) and Illumina Eco (now PCRmax Eco48) qPCR instruments by running identical 10-L GAPDH reactions containing 300 nmol/L primers and approximately 50 ng cDNA in each alternate well of a 96-well plate (CFX) or all wells of a 48-well plate (Eco 48).
RT REACTIONS
RT reactions were carried out by use of random priming within the recommended range of RNA concentrations of either 50 or 12.5 ng/L as specified by the manufacturers' RT protocols in 10 individual 5-L reactions.
One set of experiments was carried out by use of replicate 1-L RT reactions containing 50 ng/L RNA. These were subsequently subjected to dualplex qPCR analysis targeting CDH1 [cadherin 1, type 1, Ecadherin (epithelial)]/CTNNB [catenin (cadherinassociated protein), ␤1, 88 kDa] and CDH1/MAX (MYC associated factor X). qPCR SYBR Green I qPCR assays were carried out in 10-L reactions containing 1ϫ KAPA SYBR Fast reaction mix (Anachem), primers at 300 nmol/L final concentration, and 1 L cDNA on the CFX qPCR instru-ment (Bio-Rad) programmed as follows: 95°C for 5 s, followed by 40 cycles of 95°C for 2 s, 60°C for 1 s, and 72°C for 1 s, with fluorescence collection at 72°C.
Dualplex assays were carried out in 10-L reactions containing 1ϫ NuPCR reaction mix (Illumina), NuPCR primer/probe mix (0.5 L/assay), and 1 L cDNA on the Eco thermal cycler programmed as follows: 95°C for 2 min, followed by 40 cycles of 95°C for 15 s, 50°C for 30 s, and 72°C for 30 s, with fluorescence collection at 50°C.
ANALYSIS
Standard curves were prepared with 10-, 5-, or 2-fold (depending on abundance of target) serial dilutions of C10 cDNA, diluted into 100 ng/L yeast transfer RNA (tRNA) (Life Technologies). These were run for each assay, and the slopes and y-intercepts derived from the regression equations were used to calculate sample target copy numbers. Amplification efficiencies for each assay are shown in online Supplemental Tab 2.
The statistical analyses for most data sets were analyzed and graphed with Prism 6 for Macintosh, version 6.0e (Graphpad Software), and are shown in the appropriate online supplemental tabs. The statistical analysis of the data variance shown in online Supplemental Tab 9 is provided in the online Supplemental Methods.
Results
INSTRUMENT BLOCK UNIFORMITY/PIPETTING ACCURACY
The uniformity of the thermal cycler blocks in both qPCR instruments was high, as was the accuracy of pipetting (see online Supplemental Tab 
RTase-DEPENDENT VARIABILITY
qPCR targeting GAPDH #1 resulted in ⌬Cqs for the 10 replicates reverse-transcribed by iScript, Vilo, Grandscript, Readyscript, Primescript, and Tetro ranging from 0.4 to 1.74 ( Fig. 1 ; online Supplemental Tab 4A). In contrast, the ⌬Cqs attributable to qPCR/pipetting variability were lower and ranged from 0.07 to 0.16 (see online Supplemental Tab 4B).
A more detailed analysis of the least (Readyscript) and most (Vilo) variable RTases confirmed that Ready- 
CONCENTRATION-DEPENDENT VARIABILITY
A third RNA sample (50 ng/L) was reverse-transcribed by Readyscript and subjected to dualplex CDK2 (cyclindependent kinase 2)/RBL1 (retinoblastoma-like 1) or MAX/MYC (v-myc avian myelocytomatosis viral oncogene homolog) and singleplex UBC (ubiquitin C) #1 qPCR analysis. This resulted in RT-dependent ⌬Cqs ranging from 0.65 to 1.45 ( Fig. 3A ; online Supplemental (A), Scatterplots show the Cqs obtained from individual RT replicates (n ϭ 10) carried out with 50 ng/L RNA, followed by subsequent qPCR assays (n ϭ 2) for CDK2/RBL1 and MAX/MYC carried out as dualplex assays with Illumina's probe-based assays; UBC was detected with SYBR. (B), RT reactions (n ϭ 10) were repeated with 12.5 ng/L RNA, but this time each cDNA was subjected to a single qPCR assay (n ϭ 1). Horizontal lines indicate the median Cq determined from 20 (A) or 10 (B) data points. Markers shown on the x axis are the same for (A) and (B).
Tab 6A), with qPCR/pipetting-associated ⌬Cqs from 0.25 to 0.34 (see online Supplemental Tab 6B). There was significant correlation between CDK2 and RBL1 as well as MAX and MYC, although it was higher for the former (r 2 ϭ 0.84 vs 0.58, respectively) (see online Supplemental Tab 6, C and D).
When the experiment was repeated with the a 1:5 dilution of the same RNA, the RT-dependent ⌬Cq range increased to 2.48 -4.14 ( Fig. 3B ; online Supplemental Tab 7), with high correlation between CDK2/ RBL and MAX/MYC (r 2 ϭ 0.94 vs 0.99, respectively) (see online Supplemental Tab 7, B-D).
ASSAY-DEPENDENT VARIABILITY
qPCR analysis of assays designed against different regions of UBC and GAPDH mRNA from 2 RNA samples reverse-transcribed by Readyscript and Vilo gave similar patterns. Cq values for UBC #1 and GAPDH #1 were lower than those for UBC #2 and GAPDH #2, despite similar amplification efficiencies ( Fig. 4 ; online Supplemental Data Tab 8, A and B). As before, the RT variability across all target mRNAs was higher for Vilo than Readyscript. A repeat with Primescript of the replicate RT reactions for the GAPDH assay also gave a similar result (see online Supplemental Tab 8C).
SAMPLE-DEPENDENT VARIABILITY
Expression patterns of qPCR assays targeting CDK2/ RB1L, MAX/MYC, or UBC #1 were similar across 4 different RNA samples reverse-transcribed by Readyscript (see online Supplemental Tab 9A). However, there was significant heterogeneity of ⌬Cq variance among sample types (P ϭ 0.005) (see online Supplemental Statistical Analysis), suggesting that the observed intramarker variability is sample dependent (see online Supplemental Tab We further analyzed the correlation between mRNAs expressed by that sample by subjecting 35 RT replicates to amplification with dualplex qPCR targeting either CDH1/CTNNB or CDH1/MAX. The results are consistent with those observed previously: although there was significant correlation within both sets of markers, 1 set (CDH1/MAX) showed more variability as revealed by the lower correlation coefficient (see online Supplemental Tab 12).
RNA QUALITY DEPENDENCE OF VARIABILITY
The RNA sample with the higher integrity (C71A) recorded lower Cqs for KRT19 (keratin 19), UBC #1, and HMBS (hydroxymethylbilane synthase), but not for TP53I3 (tumor protein p53 inducible protein 3) and GAPDH (see online Supplemental Tab 13A). In each series of 10 RT replicates, there was 1 (C71A sample 1, C71B sample 3) that generated significant outlier results for KRT19, UBC #1, TP53IP, and HMBS (Grubbs test, P Ͻ 0.05, 2-sided) but not for GAPDH (see online Supplemental Tab 13, B and C). The RT-dependent ⌬Cq range reverse-transcribed from the higher-quality RNA was narrower for all 4 targets compared to the lower-quality one (median 2.42 vs 3.70, respectively).
The probe-based assays targeting CDK2 and RBL1 recorded similar patterns, with the Cqs recorded for both targets lower in C71A (see online Supplemental Tab 14). There was 1 outlier (C71A, CDK2 sample 10) as calculated by Grubbs test, with significant correlation between the targets assessed in the dualplex reaction in sample C71A (Pearson r ϭ 0.715, 95% CI 0.155-0.927), but none in C71B (Pearson r ϭ 0.208, 95% CI Ϫ0.485 to 0.741). The RT-dependent ⌬Cq range was lower in the higher-quality RNA sample for CDK2 but not for RBL1.
Discussion
We have studied the real-world variability of commercial RTases by use of qPCR to quantify several mRNA targets with different RNA samples of varying concentration, integrity, and purity. Although the variability between the different enzymes was never as high as that reported previously (7 ), our data show that there is experimental variation and that it is sufficiently large to have important implications with regard to reproducibility, robustness, and accuracy of any molecular technique using cDNA. Variability was also sample and concentration dependent and was always higher than that of qPCR/pipetting-associated variability of technical replicates. The sample-dependent differences may be linked to differential RNA integrity and may also be affected by organic contaminants. Although the amounts of RNA used in the RT step were well within the manufacturers' specifications, we observed a significant concentration-dependent variability. A similar effect has also been identified in next-generation sequencing, where the use of limiting amounts of mRNA results in significant technical variation, with inefficient amplification of the majority of low to moderately expressed transcripts masking subtle biological differences (23 ) . This is rather disconcerting, given the increasing interest in carrying out RNA expression analysis on single cells.
Assay-dependent variability was apparent from the results obtained with multiple assays targeting the same mRNA: RT variability differed between UBC #1 and #2 as well as between GAPDH #1 and #2. This is not easily explained by differences in amplicon secondary structures, since although there are secondary structures at the forward or reverse primer binding sites of UBC #1 and GAPDH #2, there are none in those generated by UBC #2 and GAPDH #1. Assay-and sampledependent variability of the RT step was also apparent when comparing the expression of 5 mRNA markers across 4 RNA samples. There was statistically significant heterogeneity of ⌬Cq variance among sample types (Brown and Forsythe test for heterogeneity of variance, P ϭ 0.005), which may be partly explained by differences in RNA integrity, with high RIN value samples recording lower RT-dependent ⌬Cqs than those with lower RIN values. Integrity-associated variability was also evident from the results obtained from a comparison of 2 RNA preparations extracted from the same sample at different times. One looked acceptable on an electropherogram although it did not yield a RIN value; the other was degraded, with a RIN value of 4.9. The latter sample recorded higher Cqs and showed more variability across all but 1 of the targets quantified by qPCR. This observation of assay-dependent contribution to data variability reemphasizes the need for empirical assay design and validation before carrying out qPCR analysis (24 ) and indicates that choosing optimal assays can reduce data variability. It also substantiates the original MIQE requirement of submitting primer sequences with each publication, since even a small difference in primer sequence can change the performance of an RT-qPCR assay (25 ) .
Dualplex qPCR assays targeting CDK2/RBL1 and MAX/MYC in high-quality RNA preparations indicate that the RT reactions are highly correlated, although again there is random variability apparent, as demonstrated by variable correlation coefficients and 95% CIs. For example, the r 2 value between CDK2 and RBL1 in 4 RNA samples is around 0.94, but is similarly high for MAX/MYC in only 3 of the samples, dropping to 0.76 in 1 (see online Supplemental Tab 10). An analysis of the correlation of CDK2/RBL1 Cqs in 2 poor-quality samples shows significantly lower correlation, in line with the absence of an RIN value for 1 sample and the low RIN value for the other (see online Supplemental Tab 14). This is probably associated with differential stability of different transcripts and emphasizes again the need for care when comparing RNA samples with Copy numbers for each target were calculated on the basis of individual standard curve regressions with the slopes and y-intercepts shown in online Supplemental Tab 1. Relative expression was calculated by dividing the copy numbers for CDK2 and MAX by the copy numbers of RBL1 or MYC, respectively. The variation in the fold change in each sample was calculated by dividing the sample with the highest relative expression by the sample with the lowest relative expression. The upper hinge of the boxes represents the 75th percentile, the middle horizontal line the median value, and the lower hinge the 25th percentile. Minimum and maximum expression levels are also shown, as are the fold changes.
different integrity values. The data confirm the view that a universal RIN value provides no definitive information about the integrity of individual mRNA species, and hence must be treated with caution. They also suggest that variability for RNA samples is not constant and that minimal variability and high correlation between markers in 1 sample cannot be extrapolated to other samples. This irregularity is also apparent when the correlation is analyzed between CDH1 mRNA and 2 mRNAs specifying proteins CTNNB1 and MAX, previously reported as being associated with CDH1 (26, 27 ) . The correlation between CDH1 and CTNNB1 mRNA is much better than between CDH1 and MAX, with respective correlation coefficients of 0.96 and 0.83 and 95% CIs of 0.93-0.98 and 0.69 -0.91 (see online Supplemental Tab 12).
Expression levels of genes of interest are usually reported as fold changes relative to those of 1 or more reference genes. The results reported in online Supplemental Tab 9 were used to calculate the expression levels of CDK2, RBL1, MAX, and MYC relative to the reference gene UBC #1 (see online Supplemental Tab 15). It is apparent that the relative fold changes are sample and assay dependent, as 5 of 16 assays (31%) record fold changes that are Ͻ2-fold, another 7 (44%) have changes that are between 2-and 3-fold, and 4 (25%) record fold changes Ͼ3-fold, with a maximum of nearly 7-fold. This sample-and target-dependent variability is further emphasized by the results shown in Fig. 5 , which imply that small fold changes for CDK2/ RBL1 can be reliably quantified, whereas the much greater differences in fold change for MAX/MYC suggest that small fold changes for these markers cannot be reliably quantified.
The previously documented variability of the RT step (6, 7 ) is acknowledged in the MIQE guidelines, Steps (A)-(C) are carried out before cDNA synthesis is carried out. Steps (D) and (E) involve selection and optimizing of reagents for cDNA synthesis. (A), Careful extraction and quality control of RNA are 2 essential initial steps. It is worth bearing in mind that the less RNA is used in the RT step, the higher the variability is likely to be. (B), The use of calibrated micropipettes of suitable volume and with appropriate tips is essential to ensure pipetting accuracy. (C), Once-yearly instrument QC is advisable, as lack of uniformity across a block will result in distorted and inaccurate results. (D), Reproducibility is tested by analyzing the ⌬Cq range of 4 RNA targets, aiming to pick an RTase that consistently records ⌬Cq values of Ͻ1. If probes are being used, the correlation between targets should also be assessed, and r 2 values should ideally be Ͼ0.9. (E), Linearity is assessed by diluting RNA and repeating the experiments carried out for (D). In addition, the ⌬Cq between dilutions should correspond to the dilution factor (i.e., 3.2 for a 1:10 dilution). It is important to note that even careful selection of RT cannot guarantee optimal efficiency and linearity for every sample or target analyzed.
which require a detailed description of the protocol and reagents used to convert RNA into cDNA (22 ) . Our results extend the earlier data by demonstrating that the RT step is defined by its dependence on enzyme/buffer formulation, sample, assay, and RNA concentration, that this dependence results in significant variability in RT efficiency, and that this variability is inconsistent. For these reasons, it is essential that the reporting of results involving cDNA syntheses is as transparent and complete as possible and includes the amount of RNA reverse-transcribed, priming strategy, enzyme type, volume, temperature, and duration of the reverse transcription step. Our data also provide further support for the suggestion that the reversetranscription step be carried out in duplicate or triplicate (22, 28 ) . Unfortunately, the research community continues to disregard the existence of RT variability, and this recommendation remains unheeded.
In addition, there is a lack of transparency in the reporting of experimental detail (15 ) , which calls into question the reliability of conclusions on the basis of data obtained from RT-qPCR (16, 29 ) . The implications with regard to reproducibility, robustness, and accuracy of RTase-based assays are clear. Most published RNA biomarkers report small fold changes between healthy and diseased samples, with the vast majority between 2-and 8-fold (for example, (30 -37 ) ). However, virtually none turn out to be of clinical significance (38 ) , and around 80% of the results cannot be reproduced independently (39 ) , likely because of serious technical issues (2 ), consistent with an estimate that around 85% of research funding is wasted (40 ) . For the first time, we demonstrate that the variability of the RT step is 1 reason for this, as the variability inherent in the RT step is well within the range reported for most biomarkers (see online Supplemental Tab 16) and so calls into question many results published with regard to RNA-based biomarkers.
These conclusions support earlier observations; however, neither the complexity and unpredictability of RT variability nor the impact of these factors on data interpretation and consequences have been demonstrated in this detail before. Although the conclusions arising from the previous publications are being universally ignored, it is essential that this information be reintroduced into the consciousness of the research community. A simple workflow designed to identify the most appropriate RTase for any sample/target combination is presented in Fig. 6 . This is of particular importance when considered alongside the increasing speed of technological development that makes it more and more difficult to conduct detailed troubleshooting or quality assessment of the enormous amounts of published data.
